Photodissociation of HI and DI: Testing models for electronic structure via polarization of atomic photofragments
I. INTRODUCTION
Hydrogen halides have long served as the prototypical systems for understanding nonadiabatic effects in molecular photodissociation. Of these, HI has been the most studied, in part because its first absorption continuum ͑the A band͒ lies at the longest wavelength amongst the family of HX molecules, and the entire absorption band can be studied without the use of vacuum ultraviolet ͑VUV͒ photolysis laser. The first absorption continuum in HI is a featureless absorption, starting at about 300, peaking at 220, and extending down below 200 nm. 1 Upon excitation in its first absorption continuum, HI dissociates into two possible product channels, corresponding to the two lowest electronic states of the iodine atom fragment, the excited I*( 2 P 1/2 ) and the ground state I( 2 P 3/2 ) in Eq. ͑1͒. ͑The required energies for each channel are given with the reaction.͒ HIϩប⇒͑HI͒*⇒HϩI͑ 2 P 3/2 ͒ ⌬Eϭ24 632 cm Ϫ1 , ͑1a͒ ⇒HϩI*͑ 2 P 1/2 ͒ ⌬Eϭ34 035 cm Ϫ1 . ͑1b͒
The electronic structure of HI was one of the first molecular systems to be investigated theoretically by Mulliken. 2 The low-lying electronic states in the HI molecule must primarily correlate to the H( 2 S 1/2 ) and I( 2 P 1/2,3/2 ) atomic states. As a consequence of symmetry conservation, the only possible molecular states expected to be involved in the lowlying electronic structure of HI are: 1 ⌺ 0ϩ , 3 ⌸, 1 ⌸, 3 ⌺, and 1 ⌺ 0ϩ . 3 The presence of the heavy I atom in HI results in a large spin-orbit interaction, which means that the Hund's case a notation just given is not correct, and a more appropriate coupling case 4 c is desirable. However, because most of the literature on HI uses the case a term symbols, we will also use this notation, with the addition of ⍀ as a label in brackets.
From the 1 ⌺(0 ϩ ) ground electronic state ͑called N by Mulliken͒, there can be optically allowed transitions to: 1 ⌺(0 ϩ ), 3 ⌸(0 ϩ ), 3 ⌸(1), 1 ⌸(1), 3 ⌺(1). Mulliken was the first to understand the process of excitation in the A band of HI in terms of transitions between the normal ground state ͓N, 1 ⌺(0 ϩ )͔ to one of the possible excited states of the Qgroup ͕ 3 ⌸(1), 1 ⌸(1), 3 ⌸(0 ϩ )͖; hence he denoted the A band excitation as: Q←N. The potential curves for the lowlying electronic states that are accessible through single photon optical transitions are shown schematically in Fig. 1 , based on the original paper of Mulliken. 2 The T 3 ⌺(1) and the V 1 ⌺(0 ϩ ) were estimated to lie in an energy range above the A band absorption, since they correlated to the second excited configuration in the united atom ͑Xe͒ approximation. The T 3 ⌺(1) is the likely candidate for the B band absorption, which starts around 50 000 cm Ϫ1 . The B band was first observed by Price 5 and was later studied by Romand and Vodar. 6 The V 1 ⌺(0 ϩ ) state, which correlates to the ion-pair state at large internuclear distance, gives rise to absorption bands extending over a wide range of energy from 68 000-72 000 cm Ϫ1 , according to the extensive study of the HI molecule in the VUV by Ginter and co-workers. [7] [8] [9] Within the A band (Q←N) absorption, Mulliken predicted that the 1 ⌸(1)← 1 ⌺(0 ϩ ) transition would dominate over the absorption band, resulting in ground state I photodissociation products via a transition of perpendicular symmetry. He also predicted that, at the equilibrium bond length for the ground 1 ⌺(0 ϩ ) state, the direct dissociative states would be energy ordered from lowest to highest as: ͓ 3 ⌸(1), 3 ⌸(0 ϩ ), 1 ⌸(1)͔. As a consequence, one would expect that any I* production would peak either in the middle of the A band or at the red end of the A band. Early photochemical studies on HI seemed to show this behavior, [10] [11] [12] with I* being shown to be one of the products of HI photolysis in the A band. However, there was no quantitative agreement about the relative yield of I*, nor the wavelength dependence of this yield.
The development of photofragment spectroscopy has allowed for a more detailed study of photodissociation dynamics in the complete absence of collisions. 13 In photofragment spectroscopy, angular distributions and branching ratios are measured for the various product channels. For prompt dissociation, where the photofragment recoil is much faster than the parent molecule rotation, the photofragment angular distribution provides information about the symmetry of the dissociating excited states. 14 For a prompt dissociation of a diatomic molecule following single photon absorption of linearly polarized light, the fragment recoil velocity angular distribution is
where is the angle between the polarization direction and the recoil velocity vector, is the partial cross section for formation of the given product, and ␤ is an anisotropy parameter. The value of ␤ may vary within the range of ͓Ϫ1,2͔, where ␤ϭϪ1 corresponds to a transition of pure perpendicular symmetry ͉͑⌬⍀͉ϭ1͒ and ␤ϭ2 to a transition of parallel symmetry ͑⌬⍀ϭ0͒. For the HI dissociation at a given photolysis wavelength, the three observable parameters in a photofragment spectroscopy experiment are: the anisotropy parameters for the two product channels, ␤͓I( 2 P 3/2 )͔ or ␤, and ␤͓I( 2 P 1/2 )͔ or ␤*, and the branching ratio between the two available channels, I*/I. To characterize the dynamics of the A band dissociation, these three parameters have to be measured as a function of photolysis wavelength. According to Mulliken's model of the A band absorption, nonadiabatic interactions between states were not considered to be significant, because of the early recoupling of the atomic electronic structure along the dissociating molecular axis; thus the excited product channel results only from a transition of pure parallel symmetry: Q( 3 ⌸(0 ϩ ))←N͓ 1 ⌺(0 ϩ )͔ ͑⌬⍀ϭ0, hence ␤*ϭ2͒. The same model predicts the ground state products to result from two possible transitions: Q( 3 ⌸(1))←N͓ 1 ⌺(0 ϩ )͔ and Q͓ 1 ⌸(1)͔←N͓ 1 ⌺(0 ϩ )͔, which are both of perpendicular symmetry type ͉͑⌬⍀͉ϭ1, hence ␤ϭϪ1͒.
The first study on photofragment spectroscopy of HI was carried out by Clear et al. 15 using the fourth harmonic ͑266 nm͒ of a Nd:YAG laser as the UV photolysis beam. The branching ratio was I*/Iϭ0.56, with the I* channel having an anisotropy parameter ␤*ϭ2, and the ground state channel ␤ϭϪ1. By using Doppler spectroscopy on the H-atom products of the 266 nm photolysis of HI, Schmiedl et al. 16 obtained results similar to those of Clear et al. Their branching ratio at 266 nm was I*/Iϭ0.67, and the anisotropy parameters found were ␤ϭϪ1 and ␤*ϭ2. At about the same time, two different measurements of the branching ratio were reported, one at 248 nm photolysis wavelength, which used laser-induced fluorescence detection of the atomic I products to determine a ratio I*/Iϭ0.5, 17 another using infrared fluorescence from the I* product to find ratios of I*/Iϭ0.5 at 248 nm and I*/Iϭ0.11 at 193 nm. 18 While these studies all agreed with Mulliken's model for HI photodissociation, the relatively large uncertainties prevented a definitive confirmation of the model.
The first multiwavelength photofragment spectroscopy study was also carried out at this time, 19 with I*/I branching ratios being measured at 193, 222, and 248 nm, and anisotropy parameters at 222 and 248 nm. While the branching ratios found were consistent with other work, the anisotropy parameters found for the I* channel were significantly lower than 2 ͑the I channel showed ␤ϭϪ1 at both wavelengths͒. To explain these results, the authors invoked significant absorption from a fourth state, the 3 ⌺(1), whose symmetry correlates to the HϩI* products. For this to occur however, the 3 ⌺(1) state would have to lie at significantly lower energies than predicted by Mulliken. Another, less likely, explanation would be that nonadiabatic interactions were giving rise to a significant fraction of the HϩI* products. The results of van Veen et al. provided the basis for a detailed theoretical study carried out by Levy and Shapiro. 20 This theoretical study used the artificial channel method to fit Born-Oppenheimer potential curves and nonadiabatic coupling parameters to the photofragment spectroscopy data of Clear et al. 15 and van Veen et al. 19 results of Levy and Shapiro, which seem to have been strongly influenced by van Veen et al.'s data. Work done by Xu et al. 21 found ␤* close to the limiting value of 2 at 248 nm, and Kitsopoulos et al. 22 found the same at 266 nm. Thus, while there was reasonable agreement between the various measurements of I*/I branching ratios at several different photolysis wavelengths, and strong agreement as to the value of ␤ϭϪ1, there were conflicting results about ␤*.
The current study is an attempt to resolve this controversy, and to provide a data set for the photofragmentation dynamics HI that would allow for a definitive test of Mulliken's model. The method chosen for the present study, Hatom Doppler spectroscopy, has the advantage that all the H-atom products are detected simultaneously, and both angular distributions and branching ratios are simultaneously obtained from the Doppler probe. As it turns out, a detailed study on HI photofragmentation has also been recently completed by Ashfold and co-workers, using the method of Rydberg tagged H-atom time-of-flight spectroscopy. 23 Because of the similarities between this study and ours, discussion of Ashfold and co-workers' results is deferred to Sec. IV. The primary goal of this study was to measure the branching ratio, I*/I, and the relevant anisotropy parameters, ␤ and ␤*, as a function of HI photolysis wavelength over a broad wavelength range, from 212.5 to 266 nm. Using our results, we have also fitted model repulsive potentials for the dissociative excited states involved in the A band continuum of HI, using the Franck-Condon approximation for the UV excitation.
II. EXPERIMENT
The measurement of I*/I, ␤, and ␤* was done by Doppler spectroscopy on the H-atom photofragments resulting from photolysis of HI in the A band. As a pump-probe method, Doppler spectroscopy of photofragments is based on the use of the Doppler effect to measure the one-dimensional projection of a velocity distribution along the propagation axis of the probe laser beam. A photofragment which has a resonance frequency 0 at rest, moving at a velocity v n , with respect to a rest frame in which a probe laser has a frequency p , will have its resonant frequency shifted by an amount given by Eq. ͑3͒, where ⌬ p is the Doppler shift for that atomic velocity, and k p is the probe wave vector,
Because of the large difference in mass between the H and I photofragments, more than 98% of the available energy is channeled into H-atom translation. For a photolysis wavelength of 248 nm, the H-atom corresponding to the HϩI channel has a recoil speed of 1.94ϫ10 4 m/s, resulting in a maximum Doppler shift of ⌬ϭ5.3 cm Ϫ1 for the Lyman ␣ transition ͑ 2 P J ← 2 S 1/2 at 82 259.165 cm Ϫ1 , 2 P 1/2 ← 2 P 3/2 doublet splittingϭ0.366 cm Ϫ1 , relative doublet intensity: I( 2 P 3/2 ):I( 2 P 1/2 )ϭ2:1͒. 24 At the same photolysis wavelength, the excited state channel, HϩI* produces H atoms with a speed of 1.39ϫ10 4 m/s, or a maximum Doppler shift of 3.8 cm Ϫ1 . By tuning the probe beam over the range of Doppler-shifted frequencies for the velocity distribution of the H atoms, and by recording the laser-induced fluorescence ͑LIF͒, a projection of the angular distribution-a Doppler profile-was obtained. Since our probe laser resolution was 0.65Ϯ0.1 cm Ϫ1 , the contributions to the Doppler profile from the two different H-atom speeds could be resolved. Consequently, Doppler profile measurements along two orthogonal directions, parallel and perpendicular to the photolysis polarization axis, suffice to determine I*/I and ␤.
A schematic diagram of the experimental apparatus is shown in Fig. 2 . The experiment was carried out in the free jet expansion of a 6% HI dilution in He. The gas mixture expanded from a 1.7 atm source pressure, through the 0.5 mm nozzle diameter of a pulsed valve ͑Series 9, General Valve Corporation͒, into a vacuum vessel maintained at a background pressure lower than or equal to 1•10 Ϫ5 Torr during normal operation with 200 sec gas pulses injected into the chamber at a repetition rate of 10 Hz. The 6% HI:He dilution was maintained constant by applying 1.7 atm He pressure on a lecture bottle of HI, which was maintained at Ϫ78°C by an ethanol/dry ice bath. In the interaction region 10 mm below the nozzle, the number density for the HI was about 10 16 mol/cm 3 . Independent measurements of HI LIF indicated that most of the HI molecules were cooled into their ground rotational level by the supersonic expansion.
The interaction region is defined by the volume where the pump and probe laser beams crossed in a plane perpendicular to the axis of the free jet. Both pump and probe beams were about 1 mm in diameter, with the probe beam slightly larger than the pump beam. The 8 ns pump pulse photolyzed the HI molecules, and 10 nsec later, an 8 ns probe pulse excited the subset of H-atom photofragments which were Doppler shifted into resonance with the probe beam. At these short delays, no product H atoms escaped the detection volume. The resulting laser-induced fluorescence ͑LIF͒ was detected by a solar blind photomultiplier tube ͑PMT͒ ͑EMR 541G-08-17͒ located behind a 2 mm thick LiF window. A 20 nm full width at half maximum ͑FWHM͒ bandpass filter, centered at 122 nm with a peak transmission of 14% ͑Acton Research, 122-N-1D͒, was installed before the LIF PMT. This was found absolutely necessary to block the background LIF from HI, because two strong resonance fluorescence lines of HI occur in the range of Dopplershifted H-atom frequencies. The output signal from the PMT was fed to a fast preamplifier of our own design.
The laser system used for all the experiments reported here was based on a Nd:YAG laser pumping two dye lasers. The layout of the laser setup is shown in Fig. 2 . The Nd:YAG laser was a single-mode Q-switched laser ͑Quantel, Model YG581CSF-10͒, which produced 400 mJ pulses at 532 nm at a 10 Hz repetition rate. About one-half of the 532 nm light was used to pump a Lambda Physik dye laser ͑FL2002E͒, while the remainder was mixed with the residual 1.064 m output from the Nd:YAG laser to produce 100 mJ pulses of 355 nm, the 355 nm output pumped the second Lambda Physik dye laser.
The dye laser pumped by 532 nm used Fluorescein 548 ͑Exciton͒ laser dye to produce about 50 mJ pulses of light from 540 to 575 nm. This tunable laser beam was frequency mixed with 100 mJ pulses of residual 1.064 m in a KD*P crystal ͑Inrad, Model M1͒, to produce tunable UV radiation around 365 nm. The wavelength dependent angle for efficient frequency mixing was kept optimized with the aid of a servo system ͑Inrad, Autotracker͒, which resulted in the stable production of coherent tunable UV, with a power of 10 mJ/pulse, and a 0.25 cm Ϫ1 linewidth. Using the method of phased-matched third harmonic generation ͑THG͒, 25, 26 this UV beam was then frequency tripled in a Kr:Ar cell to produce tunable VUV radiation in the region of the H-atom Lyman ␣ transition ͑1215.7 Å͒, with a conversion efficiency of the order of 10 Ϫ5 -10 Ϫ6 . After crossing the experimental chamber, the intensity of this VUV probe beam was monitored by a solar blind PMT ͑Hamamatsu, Model R1459͒, after wavelength separation from the 365 nm UV with a 0.2 meter vacuum monochromator ͑Acton Research, Model VM-502͒. The output of the PMT was sent to a fast preamplifier ͑Phillips Scientific, Model 6954, B-10͒.
The 355 nm pumped dye laser used various laser dyes to generate light in the range from 420 to 532 nm. The output of this dye laser was frequency doubled in a BBO crystal to generate photolysis wavelengths in the range from 210 to 266 nm. A Soleil-Babinet compensator allowed the generation of any desired state of polarization. The measured polarization purity for the linearly polarized light used in the experiments reported here was better than 99%. The intensity of this pump beam was measured for each pulse with a pyroelectric detector on the opposite side of the chamber: The intensity of the photolysis pulse energy was in the range of 0.3 to 2 mJ/pulse, for a beam diameter of approximately 0.7 mm.
The signals from all detectors ͑H-atom LIF, I 2 LIF, VUV probe power, and UV pump power͒ were processed by gated integrators ͑Standford Research System, Model SR250͒, whose outputs were read by a PC computer through A/D converters. A program written in Cϩ controlled both the tuning of the laser, and the data acquisition. 27 The polarization of the UV photolysis beam was set to be either parallel or perpendicular to the probe beam direction. Doppler profiles were measured for both photolysis polarizations at each photolysis wavelength investigated. Measurements were repeated several times, in order to obtain a good signalto-noise ratio.
A few other measurements were made to characterize the apparatus as a whole. First, the limits for the range of linear response were characterized for the chain of detectors and amplifying electronics for the UV, VUV, and H-atom LIF intensity measurements. During the data reduction procedure described below, the information obtained was used to reject data that were affected by saturation of any of the detectors. For conditions of linear response, it was verified that the LIF signal was directly proportional to both the UV and VUV signal.
A small fraction of the 555 nm used to produce the VUV probe beam was used to measure an I 2 LIF spectrum recorded simultaneously with the Doppler LIF spectra from the H photofragment; that measurement afforded an accurate calibration of the Lyman ␣ probe wavelength, allowing for an absolute wavelength reference which was found crucial to correct for a nonlinearity of the wavelength tuning element of the dye laser. 28 Analysis of the I 2 LIF data using the interferometric measurements tabulated by Gerstenkorn et al. 29 showed a small but significant nonlinearity of the dye laser tuning mechanism, whose precise quantification was confirmed by independent measurements with the monitor etalon fringes. To confirm the procedure for wavelength calibration and nonlinear correction of the probe dye laser, the VUV LIF spectrum of the A 1 ⌸←X 1 ⌺(14,0) band of CO was recorded for a pulsed jet of CO in He. This CO spectrum was also used to determine the linewidth of the VUV probe.
To correct for the small amount of HI fluorescence that occurred in the same spectral range as the H-atom Doppler spectra, the HI LIF spectrum in the Lyman ␣ region was recorded in the absence of the photolysis beam for each run, as its relative intensity could vary with small changes in jet-pump-prope alignment. The HI LIF was also measured over a broader range of VUV wavelengths, with the double aim of determining the ground state rotational population of the molecule resulting from the free jet expansion, and possibly, to characterize more precisely the electronic structure of the excited states in the VUV. It turned out that the very low rotational population hindered unambiguous assignment of the VUV spectrum, but it was possible to determine that the HI molecules in the beam were predominantly in the J ϭ0 ground rotational state.
Four signals were recorded for each pulse of the Nd:YAG laser: the LIF of the H-atom fragments, the intensities of the VUV probe and the UV pump, from which the normalized Doppler profiles were obtained, and the I 2 LIF which provided an absolute calibration of the probe wavelength. Once the Doppler profile measurements were repeated a large number of times ͑25 to 100͒, the stored data were power normalized and averaged, prior to extraction of the characteristic parameters of the photodissociation process. Each set of signals simultaneously recorded was first inspected for electronic saturation by using the threshold values previously determined; if any signal was above the threshold, the data set was rejected. Then the LIF signal was power normalized with respect to the VUV probe and UV pump, and the resulting normalized Doppler profile corrected for tuning nonlinearity and absolute wavelength calibration of the probe. Next, the VUV wavelength axis of the profile was converted to Doppler shift from the rest transition frequency O .
Each normalized Doppler profile was statistically weighted in proportion to its average (S/N) 2 value, and then all the profiles were averaged together. After all the data for a given set of experimental parameters were averaged, the small HI LIF background was subtracted. Spectral features of the HI LIF spectrum occurring beyond the range of the H-atom Doppler profile permitted scaling of the contribution of the HI LIF background before its subtraction from the H-atom Doppler profile. In no case was the HI background contribution larger than 1%-2% of the integrated Doppler profile.
III. DATA ANALYSIS
The parameters of the photodissociation dynamics, i.e., the branching ratios and the angular distribution of the electronic products, were determined by a forward convolution procedure, and two different types of least squares fitting. All procedures resulted in the same parameters within the experimental uncertainties. In all cases, we made the simplifying assumption that the ground state products were produced from an entirely perpendicular transition, meaning that ␤ϭϪ1. This is consistent with all previous studies, and was confirmed by the results of Ashfold and co-workers. 23 With this assumption, there are only two fitting parameters, the I*/I ratio and ␤*, although there is a correlation between these two parameters.
The relation between Doppler profile D(w) and velocity distribution F͑v͒ is expressed by Eq. ͑4͒, where e p is a unit vector along k p . F͑v͒ is a vector field for the two velocity groups, where v i is a vector of constant length which may point in any direction, and I i (,) is the probability that an H-atom product ''i'' is ejected in the direction ⍀͑,͒; it can be formally written as: F(v)ϭ⌺͕v 1 I i (,)͖, iϭ1,2, D͑w ͒ϭ ͵ dv 3 F͑v͒•e p ␦͑wϪk p •v͒.
͑4͒
A Doppler profile measurement includes contributions from both product channels. By recording Doppler profiles in two orthogonal directions, symmetric with respect to the photolysis laser polarization, the contribution from each channel can be determined by fitting the Doppler line shapes.
For the forward convolution procedure, we calculated ideal Doppler profiles for a given set of parameters for both photolysis polarizations using Eq. ͑4͒, convoluted these with the measured VUV linewidth, and compared the resulting simulations with the observed Doppler profiles. The values of the parameters were varied, and the optimum parameter values were those that minimized the disagreement between the simulated and experimental Doppler profiles for both polarizations at a given wavelength. The uncertainties in the parameters was also determined by this procedure, as was the correlation between them. To verify the forward convolution procedure, a least squares fitting procedure was done using basis functions calculated from the individual velocity components pertaining to H atoms coming from the HϩI channel, with an angular distribution characterized by ␤ϭϪ1, together with a second profile calculated for arbitrary ␤* using the speed for HϩI*. The optimum values of the relative weights for the two basis functions were determined by least squares analysis. The overall results of the Doppler profile fitting are given in Table I . Examples of experimental and simulated Doppler profiles are shown in Fig. 3 , where the data for 212.5 and 248 nm photolysis wavelengths are shown. These data are typical, as all the measured Doppler profiles, except those at 215 nm, had similar S/N values.
There is a correlation between ␤* and I*/I, such that it is possible to partly compensate for a decreased ␤* value with an increased I*/I value. However, any such adjustment away from the optimum values degraded the quality of the fit, and the error limits shown for the two parameters take this covariance into account. This point will be discussed further in the next section.
IV. DISCUSSION

A. Comparison with previous results
Since there is no disagreement in the literature about the value of ␤, we shall discuss the values found for ␤* and I*/I found in this study, in comparison with other published values. One of the major goals of the current study was to clear up the disagreement in the literature about the value for ␤*, and to make measurements of this parameter at several new wavelengths. A comparison between our results and all other measurements is shown in Fig. 4, along 21 and Ashfold and co-workers, 23 who both claim a minor contribution from a perpendicular transition, less than 10%. In any case, it is clear that the 3 ⌺(1) state does not play a role in the A band absorption, at least to the limit of our measurement precision. The substantial disagreement between the results of van Veen et al. and the other published results may very well have been caused by significant clustering in the HI beam used by van Veen et al. From the description given in their paper, it would appear that a pulsed beam of pure HI, from a stagnation pressure of 1.5 to 2.0 atm., was used by van Veen et al. Under such conditions, fairly substantial clustering of the HI is expected. In a recent study of (HI) 2 photolysis by Zhang et al., 30 a 5% HI:Ar mixture results in 1%-2% of the photofragment being produced from clusters; their observation also indicates that the presence of clusters in the beam could reduce the observed ␤* parameter, because of secondary scattering processes within the cluster following photodissociation.
Interestingly, the data shown in Fig. 6 of Zhang et al. 30 are consistent with a ␤* parameter of 1.9 or greater at 266 nm, although this is not reported in the paper. Although Ashfold and co-workers investigated the effect of clustering on I*/I they did not report any effect on ␤ or ␤*. 23 Any disagreement between our values for ␤* and those reported by Ashfold and co-workers 23 or Xu et al. 21 is very small, given that the value of ␤*ϭ1.8 results in a signal perpendicular to the laser polarization vector that is only about 4% of the parallel signal in a time-of-flight study. If we assume that ␤* is independent of photolysis wavelength within the A band, then our data give an average of ␤*ϭ1.94Ϯ0.05, indicating an essentially purely parallel transition for the HϩI* channel. Given this, we have chosen to assume a purely parallel transition ͑␤*ϭ2.0͒ for the excited state channel in the modeling described below.
In principle, the time-of-flight ͑TOF͒ experiments should be a much more sensitive measurement of anisotropy, since they are angle resolved, as long as the transformations from lab to center of mass are done properly, and the angular acceptance of the detector is well calibrated. The disagree- ment between our ␤* values and those of Ashfold and coworkers are minor, and within our error limits we cannot discount the possibility of a very small perpendicular component to the transition leading to the excited state channel.
With regard to the branching ratio, the comparison amongst the various published data is somewhat less satisfying. The comparison between our current results and all other recently published results is shown in Fig. 5 . As can be seen, there is excellent qualitative agreement between all the available data, in that the branching ratio peaks at around 250 nm, and declines to about I*/Iϭ0.2 at 210 nm, and declines also at the red end of the A band.
However, there appears to be a scaling factor of about 1.5 difference between our results and those of Ashfold and co-workers, and at photolysis wavelengths where there are several different reported values of I*/I, such as 248 and 266 nm, the range of reported values varies over a factor of about 2. At 240 nm, our value of I*/I is 0.85, while that of Ashfold and co-workers is 1.4, a factor of 1.6 higher. Because of the correlation between ␤* and I*/I ratio, it is fair to ask if our measured Doppler profiles could be reproduced using a larger value of I*/I. To test this, we used the 240 nm data, where our I*/I ratio was 0.85, while that found by Ashfold and co-workers was 1.4. This wavelength was chosen as the experiments had been repeated several times at 240 nm, with excellent agreement between the results from different days' experiments. While the parallel polarization ͑0°͒ profiles could be reproduced with a much lower value of ␤* and a value of I*/I close to 1.4, the fit was not as good, and the perpendicular polarization profile ͑90°͒ was not reproduced at all. Since ␤* is well established to be 1.8 or greater at 240 nm, this cannot be the explanation. In Fig. 6 we show our 240 nm data for 0 and 90°polarizations, along with the simulated profiles using our best fit parameters ͑solid line͒. For comparison, the dashed line in Fig. 6 was calculated using the value of I*/Iϭ1.4 reported by Ashfold and coworkers for the two wavelengths around 240 nm and the lower limit ␤*ϭ1.80. The larger value of I*/I is completely at odds with our data.
For all of our longer wavelength data, where it is pos-sible to resolve the contribution to the Doppler line shape from the two channels, we have a great deal of confidence in our I*/I values, particularly in light of the independent confirmations of the ␤ and ␤* values used in our analysis. The results of Ashfold and co-workers at the red end of the A band are quite interesting, and have implications for our calculations of potential curves reported in the next section. Unfortunately, the current study did not look at wavelengths longer than 266 nm.
B. Calculation of repulsive curves for the Q group
As discussed in the previous section, our results indicate that the HϩI* products result from a purely parallel transition, while the HϩI products come from a purely perpendicular transition. This provides very strong support for Mulliken's original model of the A band absorption, 2 and indicates that the HϩI* channel comes from a 3 ⌸(0) ← 1 ⌺(0 ϩ ) transition, while the HϩI channel could come from a mixture of 1 ⌸(1)← 1 ⌺(0 ϩ ) and 3 ⌸(1)← 1 ⌺(0 ϩ ) transitions, although following Mulliken we might expect the 1 ⌸(1)← 1 ⌺(0 ϩ ) to dominate. Using the total absorption cross section ͑TACS͒ obtained by Ogilvie, 31 the partial absorption cross section ͑PACS͒ can be calculated for each product, simply by multiplying the TACS by the measured partial yields, which were calculated from the reported branching ratios: Yield͑I*͒ϭI*/͑IϩI*͒ϭ͓͑I*/I) Ϫ1 ϩ1] Ϫ1 .
To calculate potential curves consistent with the experimental data, we used the Franck-Condon approximation to calculate PACS's from adjustable model potentials, and optimized the parameters of those potentials to obtain the best agreement with experiment. For the repulsive potential energy functions, a single exponential with three parameters was used as an analytical form. Since C is the energy offset at infinite nuclear separation, which is a known parameter for a given asymptote, the potential has only two adjustable parameters, A and B, V͑R ͒ϭA exp͓ϪB͑RϪR e ͔͒ϩC. ͑5͒
If one assumes that the transition dipole, M u , is independent of internuclear distance, the amplitude of a transition is proportional to the overlap of the nuclear wave function of the ground and excited state. Thus, calculation of the partial absorption cross section can be calculated in terms of the contribution from each state, 32
T ͑ ͒ϭ8.439 46•10 Ϫ4 ͑ Ј͒ Ϫ1/2 g u ͯ͵ dr u ͑r͒M u g ͑r͒ͯ 2 .
͑6͒
The absorption cross section is expressed in terms of the decadic molar absorption coefficient, T , with units 1•mole Ϫ1 •cm Ϫ1 . In Eq. ͑6͒, Ј is the reduced mass in amu, is the photon energy in cm Ϫ1 , g is the wave function of the ground state, u is the wave function of the dissociative excited state, and g u is its degeneracy. M u is the electric dipole for the transition to state u, which is assumed to be independent of r. In Eq. ͑6͒, u (r) is understood as having an asymptotic amplitude of unity, consistent with a normalization defined by: (E u )ϭR 0 (8c/hE u ) 1/2 , where R 0 is arbitrarily set to 1 Å, is 1/cm Ϫ1 , E u is in cm Ϫ1 , and is the reduced mass of the fragments. The ground state wave function was calculated using the potential of Coxon and Hajigeorgiou, 33 either numerically using the LEVEL program written by R. J. LeRoy, 34 or using the analytical wave function of Herman et al. 35 Since both wave functions agreed to better than 0.5%, we used the analytical function for g (r) for simplicity. The excited state wave functions were determined by numerical integration of the one-dimensional Schrödinger wave equation, using the exponential potential defined in Eq. ͑5͒.
The PACS for the 3 ⌸(0 ϩ ) state was fitted first, as our results indicate that the I* product could only come from this state. Once the best parameters for the repulsive potential were found from our data, the PACS were calculated for the range of wavelengths from 310 to 200 nm. The PACS for production of I was calculated by subtracting the calculated PACS ͑I*͒ results from the TACS spectrum. Two states are predicted to contribute to the PACS of the ground state channel. For the lower energy part of partial absorption for the ground state product, the weaker transition to the 3 ⌸(1) state is predicted to be present, while at sufficiently high energy, and for the energy range over which ground state cross section extends, excitation through the 1 ⌸(1) state is expected to dominate. The PACS data for the ground state channel could be reproduced using the 1 ⌸(1) as the dominant absorbing state. However, at longer wavelengths, a better fit was obtained by introducing a small contribution from absorption to the 3 ⌸(1) state. The results of the fitting of the potential coefficients, and the transition dipole moments for the three states, are given in Table II , and the decomposition of the absorption spectrum into the PACS spectra for the three states is shown in Fig. 7 . It can be seen in Fig. 7 that most of the partial absorption spectrum due to the 3 ⌸(1) state extends to the red of our last data, and so the importance of this state is strongly affected by our lowest energy data points. More data are needed to confirm the parameters for the repulsive 3 ⌸(1) state. Nevertheless, the total contribution of the 3 ⌸(1) state to the A band is less than 2% of the 1 ⌸(1) state absorption, so it is a minor player in the dynamics of HI photodissociation.
V. CONCLUSIONS
This study has shown that the original picture developed by Mulliken 2 in 1937 for the A band of HI provides an appropriate representation of the experimentally observed photodissociation dynamics. The two allowed product channels, HϩI and HϩI* are present in comparable yields throughout the A band absorption, although the relative yield of I* does drop at the red and blue ends. The ground state products, HϩI, are formed through a purely perpendicular transition throughout the A band, while the excited state fragments, HϩI*, result from a purely parallel transition at all wavelengths. This latter result is very important, as it simplifies the picture of HI photodissociation dynamics that prevailed in the past, in that the parallel symmetry means that nonadiabatic effects are not important, and the postulated 3 ⌺(1) ← 1 ⌺(0 ϩ ) absorption is negligible in the wavelength range of the A band.
These results on the symmetry of the two channels are in agreement with recent work done by Ashfold and co-workers, 23 as is the behavior of the I*/I branching ratio as a function of photolysis wavelength. There remains a disagreement between our results and those of Ashfold on the 7 . Decomposition of HI absorption spectrum into components due to transitions to the three repulsive curves given in Table II. value of I*/I, but this will not affect our general conclusions on the important features of the photodissociation dynamics. Based on our results, we have modeled the A band absorption using exponentially repulsive potentials and the Franck-Condon approximation. The conclusions from the modeling are that the A band results almost entirely from two transitions: 1 ⌸(1)← 1 ⌺(0 ϩ ), which produces ground state products, and 3 ⌸(0)← 1 ⌺(0 ϩ ), which produces excited state fragments. At the red end of the A band, there is evidence of the participation of the third of the Q states described by Mulliken, the 3 ⌸(1) state, which correlates with ground state products. The relative importance of the contribution from the 3 ⌸(1)← 1 ⌺(0 ϩ ) transition in the A band absorption will be affected by the behavior of the I*/I ratio at longer wavelengths, and the dependence of the transition dipole moment on HI bond length, which could not be investigated in the present study.
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